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Neutrino 2012 
    in Kyoto

The first six   candidates
 observed by T2K experiment

Design: M.Ikeda
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- T2K showed indication of νμ→νe in PRL107,041801(2011)
- In Kyoto, presented the evidence of electron neutrino appearance



Introduction
• Recent results of T2K shows evidence for νμ→νe appearance

• 10 νe candidates, p-value=0.08% (3.2σ) for zero θ13
• consistent w/ 2011 T2K result, solar+KamLAND, MINOS, Daya Bay, 
Reno, DoubleChooz
• sin22θ13=0.089±0.010(stat.)±0.005(syst.) from DayaBay

• The existence of νμ→νe phenomena opens the way to perform 
experiments to discover leptonic CP violation.

• Good reason to do it in Japan
• J-PARC is expected to be upgraded to ~700kW and beyond
• well-proven & high performance detector technique w/ the successful 
experiences in Super-K
• To me, it is an economical, feasible way to explore CPV by extending 
JPARC-SK experimental setup.  

• Rich physics topics can be covered by the extension.
• must extend nucleon decay search capability
• high statistics atmospheric neutrino study
• Supernova ν
• astrophysics is also interesting topic
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Water Cherenkov technique
• Good imaging capability at ~1GeV

• accelerator ν, atmospheric ν, proton decays
• Excellent particle ID capability > 99%
• Energy resolution for e and μ ~3%
• Energy threshold ~5MeV

• muon decay electron, nuclear de-excitation γ, 
Supernova ν, solar ν...

• Stable operation
• energy scale stability ~1%
• livetime for physics analyses > 90%

• For νe appearance in T2K
• νe signal efficiency ~60%
• BG    νμ+antiνμCC<0.1%, NCπ0<5% 
(0.1<Erecν<1.25GeV)

Well-proven technology
Excellent detector performance
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Schematic view of Hyper-K
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Visit http://db.ipmu.jp/seminar/?conference_id=66
for more info.



Multi-purpose detector, Hyper-K
• Total (fiducial) volume is 1 (0.56) million ton
– 25 × Super-K

• Explore full picture of neutrino oscillation 
parameters.
– Discovery of leptonic CP violation (Dirac δ)
– ν mass hierarchy determination(Δm2

32>0 or <0) 

– θ23 octant determination (θ23<π/4 or >π/4)

• Extend nucleon decay search sensitivity
– τproton=1034~1035 years

• Neutrinos from astrophysical objects
– 200 ν’s / day from Sun
• possible time variation, ~3σ day/night asym.

– 250,000 (50) ν’s from Supernova @Galactic-
center (Andromeda)

– ~300 ν’s / 10 years (>20MeV) SN relic ν
– WIMP ν, solar flare ν, etc

Hyper-K WG, 
arXiv:1109.3262 [hep-ex]

Proton 
Decays

8

Sun

Supernova

accelerator



Hyper-Kamiokande candidate site
✦ 8km south from Super-K
✦ same T2K beam off-axis angle (2.5 degree)
✦ same baseline length (295km)

✦ 2.6km horizontal drive from entrance
✦ under the peak of Nijuugo-yama
✦ 648m of rock or 1,750 m.w.e. overburden

✦ 13,000 m3/day or 1megaton/80days natural 
water

Mozumi  
Mine

Tochibora  
Mine

~10km

Super-K

Hyper-K

N

Mine 
Entrance

Candidate 
site

200m

N 1,156m a.s.l.

508m a.s.l.

overburden!
648m

-300M
-370M
-430M

0M=845m a.s.l.

Hyper-K

~8km
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Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing

 600ｋN（L=7ｍ）
4.5m＠3ｍ

Stage

600ｋN（L=10ｍ）
1.5m＠3ｍ

Angle of Internal Friction＝45° 
Cohesion＝0.1N/mm2 
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Muon rate

N<-->S(m)
-300 -200 -100 0 100 200 300

W
<-

->
E(

m
)

-300

-200

-100

0

100

200

Alt= 508.0m

3.905 3.683 3.492 3.349 3.244 3.184 3.17 3.192 3.242 3.315 3.413

3.178 3.009 2.869 2.769 2.695 2.653 2.646 2.672 2.725 2.803 2.909

2.599 2.487 2.386 2.316 2.267 2.241 2.241 2.269 2.323 2.405 2.515

2.143 2.072 2.003 1.955 1.925 1.913 1.92 1.951 2.007 2.091 2.203

1.783 1.74 1.694 1.663 1.649 1.648 1.663 1.697 1.758 1.844 1.957

1.498 1.472 1.443 1.427 1.425 1.433 1.455 1.497 1.56 1.65 1.766

1.272 1.257 1.241 1.236 1.243 1.26 1.29 1.337 1.406 1.499 1.621

1.09 1.084 1.079 1.083 1.098 1.122 1.159 1.212 1.287 1.387 1.514

0.945 0.947 0.949 0.961 0.983 1.014 1.056 1.116 1.197 1.304 1.439

0.831 0.837 0.847 0.865 0.893 0.93 0.979 1.044 1.131 1.244 1.387

0.74 0.752 0.768 0.791 0.824 0.867 0.922 0.993 1.086 1.205 1.354

0.669 0.685 0.706 0.735 0.773 0.82 0.881 0.959 1.057 1.182 1.336

0.613 0.633 0.659 0.693 0.735 0.787 0.854 0.937 1.042 1.171 1.329

Alt= 508.0m

計算に使用した地形図

•  *C=/H+aC-aa)B)*C[/C[a+[aa[Hb,)+A+H"O>0$>)?$01)!)*+--)N/2:#0)

•  C=/-Ha-*aaH)B)C=/K-a--aa-,)*AH"O>0$>)?$01)!)*K--)N/2:#0)

•  7@)基準点： ３６c２１’０８”９２８d,)１３７c１８’４９”６８８b)

立山

乗鞍)

焼岳)

薬師岳)

7@候補地)

（6@）)

• 1.0-2.3×10-6s-1cm-2 at 508m
• about 10 times Super-K
• 0.13-0.14×10-6s-1cm-2 at SK

• No impact for accelerator ν
• No problem for atmospheric ν and 
proton decay studies

• π0 production by fast neutron OK.
• K0 BG is also negligible. (need 
confirmation)
• Deadtime by muons is <1%

• Impact on solar ν: ~3σ day/night effect 
expected.
• Impact on SN relic ν: higher threshold to 
~20MeV, 300ν/10yrs

Effect of 10 times more CR μ



On-going studies
• Design optimization is going on to 

achieve concrete proposal, lower cost, 
shorter construction period.

–Vertical straight wall possible? 
expecting cost &period reduction for 
liner construction

–Further reduction by wire support of 
PMTs
–Further reduction by reducing the 

segmentation walls.

• Need to secure waste rock disposal. 
(feasibility, cost estimation)

• Water purification system design, water 
quality control strategy underway.
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Photo-sensor
• Candidates for ID sensor

• 20” Hybrid Photo Detector (HPD)

• Improved 20” PMT

• Proof test of 8” HPD in water tank from this summer 

• 20” HPD prototype expected in ~a year

!"#$%&'()"&*+,-&,.-/#"0+"1&,%#-#2&'3&*+,--
!  -4&'()"&5#-6&(,-)#0+"#-5#75-(,-8&5#"-
!  -9#5&('#.-#2&'3&*+,-+0-/#"0+"1&,%#-&,.--
-%:#%;-'+,6$5#"1-75&)('(5<-

!  -=53.<-+0-"#>#%5+"-&,.-'(6:5-%+''#%5+"?-#5%@-
-
!"++0-5#75-(,-8&5#"-)<-ABC9=-5&,;--
!  -D#&73"#-4:#"#,;+2-'(6:5-

- - --8(5:-8(.#-.<,&1(%-/@#@-"&,6#-
!  -4+1/&"#-8(5:-EFG-!DH-
!  -=5&"5-7(,%#-5:(7-7311#"-

IJKD&<KEFIE L</#"$M-/:+5+$7#,7+"-&,.-9CN-OP(7:(13"&Q

!-R$(,%:-L!9-(7-1#&73"#.-&5-S"75@-

ABC9=-EFG!DH-%&7#

ABC9=-EFF-5+,-5&,;
@Kamioka

Preparation @ Kamioka



Water system
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More Developments

• Electronics/DAQ

• Requirements similar to 
Super-K

• R&D of front-end in 
water starts 

• Detector calibration

• R&D based on Super-K 
experience

• Dedicated software 
development

• Under discussion

• ...

!"#$%&'()*#
!  #+#,-./#0'12('#/2345('#6(788'(#
!  #9':2(;#<#=>>#?-./':#
=@.?5%.A>=A $%&'()*#&B262)/'"/2(#5";#CDE#FG7/B7HI(5J

D DAQ system 31

ADC+TDC Front End PC

~500 PMTs/FEPC 

~20 FEPCs
( / compartment )

GPS

TRG Front End PC

Front End PC

network switch

event builder
with Software trig.

10 ev bld
/compartment

switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager
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TRG Front End PC
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with Software trig.

10 ev bld
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switch

To offline system
( outside of the mine )

~25 MB/s/FEPC

Total  ~ 0.5 GB/s
( / compartment )

Organizer

~10MB/sec
( / compartment )

Data flow manager

FIG. 15. Schematic diagram of the data acquisition system.

the order of timing and send it out to the merger computers. The merger computers each collect all

the hit information from a compartment and apply a software trigger to remove noise hits. Then,

the organizer computer collects the event from the mergers, eliminates overlapping events, and

send them to the offline computer system. This system reads out all the digitized hit information

from the PMTs and selects the events with software. This system has been working without any

problem in Super-K for more than 2 years. Therefore, it is safe to say that there are no serious

technical difficulties in preparing the DAQ system for this new detector with the currently available

and well established tools at hand. The expected data rate from the entire Hyper-K detector is

about 5 GB/s before applying the software trigger. After the first level software trigger, it will

be reduced by 1/50 and another factor of five reduction could be achieved with Super-K-style

intelligent vertex fitters applied in the offline computer system. In the end, the data rate written

to disk is expected to be less than 100 MB/sec in total.

1. R&D items for the DAQ system

A possible difficulty which could arise would involve physically running over 100,000 cables from

the PMTs – arranged as they must be throughout the immense tank – into the DAQ system. The

!"#KI&'()* !HH'(/';#7"#456'(L

M(2H#==N>>>#
62#OON>>>

?2/6#&5(6/#5('#/7H7P5(#62#KI&'()*

Elec. schematics



Schedule
JFY2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

-4 -3 -2 -1 1 2 3 4 5 6 7 8 9

access tunnels, waste rock tunnels

cavity excavation

concrete, liner

PMT support, PMT installation

water filling

Operation

PMT production
preparation for glass valve, PMT production

photo-sensor R&D

Construction start

assuming budget being approved from JPY2016
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ν physics targets of Hyper-K

‣ Leptonic CP violation,  Dirac phase δ
‣ ν mass hierarchy,  Δm232>0 or Δm232<0
‣ θ23 octant,  θ23<π/4 or θ23>π/4

Aiming to explore full picture of neutrino 
oscillation parameters by using:
Accelerator ν & atmospheric ν 



~0.6GeV !µ"
295km

x25 Larger ν Target

higher intensity ν by 
upgraded J-PARC

Quest for CP Violation 
in lepton sector

+
Proton Decay
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νμ→νe probability
Normal hierarchy

‣ CPV test by comparing P(νμ→νe) and P(νμ→νe)
‣ sensitive to exotic CPV (non MNS matrix origin)
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Expected νe CC candidates
sin22θ13=0.1

stat. error only stat. error only
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Contours
Normal mass hierarchy (known)

- Good sensitivity for CPV
- modest dependence on θ13 value
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5% systematics on signal, νμ BG, νe BG, ν/ν



δ resolution
Normal mass hierarchy (known)

‣δ precision < 20° (δ=90°)
                   < 10° (δ= 0°)
‣modest dependence on θ13 value
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Solar term

Interference term (!CP)
 "13 resonance term
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r    : µ/e flux ratio (~2 at low energy)!
!

P2 = |Aeµ|2 : 2! transition probability !e ! !µ" in matter!

R2 = Re(A*
eeAeµ)!

I2  = Im(A*
eeAeµ)!

Aee : survival amplitude of the 2! system!

Aeµ : transition amplitude of the 2! system!

NuclPhysB669,255(2003)

νe appearance is expected due to MSW 
effect in the Earth’s matter
- happens in ν in the case of normal 
mass hierarchy
- in anti-ν in inverted mass hierarchy

Large θ13 value gives us a good 
chance to discriminate mass 
hierarchy.



νe-like and anti-νe-like sample
νe+N→e−+X
νe+N→e++X−

‣ # of rings
‣ # of muon decay electrons
‣ Lepton energy fraction
‣ transverse momentum

enrichment by variables

‣ νe CC produce more π+

‣ more muon decays
‣ More energy transfer to hadronic system
‣ lower charged lepton energy
‣ more pions (muon decays)
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νe CC anti-νe CC others Total

νe-like 57% 11% 32.0% 100%

anti-νe-like 55% 34% 11% 100%

Normal

Inverted

Upward νe appearance
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Mass hierarchy discrimination power

>3σ

‣expect to discriminate normal from inverted hierarchy w/ 3σ significance by 
~5years data.
‣Large θ13 values are encouraging.
‣dependence on θ23

sin
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DayaBay1σ
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θ23 octant
sin22θ23=0.96

↓
sin2θ23=0.4 or 0.6

sin22θ23=0.99
↓

sin2θ23=0.45 or 0.55

If sin22θ23<0.99, θ23 octant can be determined.

No fake solutions

True
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Experimental Limits

1032 1033 1034

Soudan Frejus Kamiokande IMB

/B (years)

Super-K

1035
1031

p  e+ 0

p   K +

p  + K 0
p  e+ K 0

n   K 0

minimal SU(5) minimal SUSY SU(5)
p  e+ 0
  predictions

flipped SU(5), SO(10), 5D SUSY SU(5)

minimal SUSY SU(5) SUGRA SU(5)

SUSY SU(5) with additional U(1) flavor symmetry

various SUSY SO(10) 

 SUSY SO(10) with G(224)

p   K +
predictions

21 3

 SUSY SO(10) with Unified Higgs

21 3

4

4

∅

∅

‣Super-K gives most stringent limits for many decay modes.
‣τ(p→e+π0)>1.3×1034years (90%C.L. by 220kton・yrs data)

‣τ(p→νK+) >4.0×1033years (90%C.L. by 220kton・yrs)

‣No signal evidence has been found                giving constraints on models (GUTs)
‣Constraints on SUSY models (ex: R-parity conservation)
‣Exclude minimal SU(5) and minimal SUSY SU(5) models.  

∅



p→e++π0 searches
Super-K cut!
!  2 or 3 Cherenkov rings"
!  All rings are showering"
!  85 < M!0 < 185MeV/c2 (3-ring)"
!  No decay electron"
!  800 < Mproton < 1050 MeV/c2"

   Ptotal < 250 MeV/c "

- detection efficiency = 45%
- atmospheric ν BG   = 2.1±0.3(stat.)±0.8(syst.)  (Mton×years)-1  
- τproton/Br > 1.3 ×1034 years @ 90%CL

Quality of next generation search is guaranteed.
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Super-Kamiokande
219.7 ktyr exposureDST

2,3ring PID 0

decay-e

Mtot

PtotAtm.  MC
Data

Signal Box

Signal Box

SK1~4 SK1~4 SK1~4

Super-K data are well reproduced by BG MC.

‣ BG measurement by accelerator ν (K2K)
‣BG=1.63+0.42/-0.33(stat.)+0.45/-0.51(syst.) (Mt×yrs)-1 (Eν<3GeV)
‣Consistent w/ simulation  1.8±0.3(stat.)

PRD77:032003,2008
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Search for nucleon decays
- many models predicts branching ratio of p→e+η, e+ρ, e+ω are 10~20%
- Flipped SU(5) (Ellis) predicts Br(p→e+π0)~Br(p→μ+π0)
- (B-L) violated mode, e.g. |ΔB|=2.
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Hyper-K sensitivities

‣p→e++π0

‣τproton/Br > 1.3 ×1035 years @90%CL
‣5.6Mton×years (10 Hyper-K years)

‣p,n→(e+,μ+)+(π,ρ,ω,η)
‣O(1034~35)years

‣SUSY favored p→ν+K+

‣2.5×1034 years

‣K0 modes, νπ0, νπ+ possible

‣Other various decay modes.
‣(B-L) violated modes
‣radiative decays  p→e+γ, μ+γ
‣neutron-antineutron振動 (|ΔB|=2)

‣di-nucleon decays (|ΔB|=2)
‣pp→XX..., nn→XX...

Hyper-K
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Other topics

33

• ν burst from Supernova

• up to distance of ~Mpc

• relic SN ν (with Gd?)

• precise measurement of solar ν

• ν from WIMP, GRB, solar flare..

• Geophysics (ν tomography of Earth)
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Hyper-K WG, 
arXiv:1109.3262 [hep-ex]



Summary

- Hyper-Kamiokande will cover rich physics topics. 
- discovery reach for leptonic CP violation.
- good chance to discriminate hierarchy and θ23 octant.
- ~10 times better sensitivity for nucleon decays.
- various astrophysical objects.

- We made the baseline design
- Design optimization & development works (PMT etc) 
are going on
- We are starting forming an international organization



supplements
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